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independent of the magnetic field strength. 
in which all 12 anode r ings were a t  high voltage. Data were also taken in other symmetr ic  con- 
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CHARACTERISTICS OF THE N A S A  LEWIS BUMPY-TORUS PLASMA GENERATED 

WITH POSITIVE APPLIED POTENTIALS 

by J. Reece Roth, Glenn A. Gerdin," and Richard W. Richardson* 

Lewis Research Center 

SUMMARY 

Experimental observations have been made during steady-state operation of the 
NASA Lewis bumpy-torus plasma at input powers up to 150 kilowatts in deuterium and 
helium gas and with positive potentials applied to the midplane electrodes. In this 
steady-state ion heating method a modified Penning discharge is operated in a bumpy- 
torus confinement geometry such that the plasma is acted upon by a combination of 
strong electric and magnetic fields. Experimental investigation of a deuterium plasma 
revealed electron temperatures from 14 to 140 electron volts and ion kinetic tempera- 
tures  from 160 to 1785 electron volts. At least two distinct modes of operation exist, 
each of which is associated with a characteristic range of background pressure and elec- 
tron temperature and each of which has a characteristic radial profile of electron tem- 
perature and number density. Experimental data show that the average ion residence 
time in the plasma is virtually independent of the magnetic field strength. Data were 
taken in the "standard" configuration, in which all 12 anode rings were at high voltage. 
Data were also taken in other symmetric configurations in which the toroidal plasma 
w a s  generated by applying positive potentials to six anode rings, three anode rings, and 
a single anode ring, respectively. 

INTRODUCTION 

The plasma in the NASA Lewis bumpy-torus facility is generated by a modified 
Penning discharge operated in conjunction with the bumpy-torus magnetic field geom- 
etry. The resulting combination of electric and magnetic fields acting on the plasma 
heats the ions to high kinetic temperatures. The electric fields are applied to the 
plasma in such a way that they influence the stability and confinement of the plasma. 

9 NASA-NRC Postdoctoral Resident Research Associate. 



The entire experiment, including the confining magnetic field and the high positive po- 
tentials that heat the plasma, is operated in the steady state. 

The bumpy-torus configuration receives its name from the shape assumed by the 
confined plasma. It consists of a number of coils (12 for the Lewis facility) arranged as 
indicated schematically in figure 1. The plasma assumes the form of a toroidal ring 

C D -11503-25 
Figure 1. - Schematic drawing of bumpy-torus magnetic confinement geometry. 

with bumps in the region of weak field between the coils. 
in the form used in the Lewis facility, was proposed by Gibson, Jordan, and Lauer 
(ref. l), who later performed an extensive ser ies  of investigations of single-particle 
motion relevant to this geometry (refs. 2 to 5). Somewhat later, Geller (refs. 6 and 7) 
operated a pulsed plasma source in a bumpy-torus geometry and reported nearly classi- 
cal confinement of the afterglow plasma (ref. 7). Fanchenko, et al. (ref. 8) have inves- 
tigated turbulent heating in a bumpy-torus plasma, and recently Sprott (ref. 9) has  
examined the effects of asymmetries and magnetic field perturbations on particle con- 
finement in a bumpy torus. 

The bumpy-torus experiment at the NASA Lewis Research Center is part of a pro- 
gram of research into the problems of ion heating, high-temperature plasma physics, 
and thermonuclear power production associated with space applications (refs. 10 and 11). 
The bumpy-torus experiment w a s  preceded by approximately 9 years of research 
and development on the modified Penning discharge, which w a s  operated in a supercon- 
ducting magnetic mirror  facility (ref. 12). During these earlier investigations, an ion 
heating mechanism associated with the modified Penning discharge was  experimentally 

This confinement geometry, 
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explored and a consistent model was  developed to describe the ion heating mechanism 
(refs. 13 to 16). 

summarized by five major points: 

simplicity of the magnets and force-bearing structure that is possible in this configura- 
tion is advantageous in space, where mass  and reliability a r e  at a premium. 

(2) The bumpy-torus experiment w a s  designed for steady-state operation of both the 
magnetic field and the plasma. 

(3) It w a s  desired to advance the state of the art in superconducting magnets and 
other areas  of technolo,gy in parallel with understanding of the basic physical processes 
in the plasma. 

(4) Previous investigations of the modified Penning discharge (refs. 13 to 16) dem- 
onstrated that it is feasible to generate ions with a Maxwellian energy distribution and 
with kinetic temperatures up to several kilovolts. In the bumpy torus, the primary 
emphases a re  to understand the ion heating and confinement processes and to achieve 
high ion temperatures and densities and long confinement times. 

from other approaches to controlled fusion that use toroidal confinement is that a high 
positive potential is applied to the anode rings, creating a strong radial electric field. 
The electric field plays am important role in the heating, confinement, and radial trans- 
port of the plasma. 

This report summarizes preliminary investigations of the NASA Lewis bumpy-torus 
plasma that were conducted between January 1973 and November 1974. 
ported herein a r e  restricted to the application of positive potentials to the midplane 
electrode rings and to information that could be extracted from a charge-exchange neu- 
tral energy analyzer, an optical spectrometer, capacitive probes, and Langmuir probes. 
Direct measurements of plasma density were not possible because a microwave inter- 
ferometer capable of operating with this plasma w a s  not yet available. During the ex- 
perimental investigations reported herein, X-ray production, arcing, and flashover 
limited the applied direct-current voltage to 50 kilovolts; and heating of the surfaces in 
the vacuum tank limited the direct-current input power. The NASA Lewis bumpy-torus 
experiment cannot reach i ts  maximum ion temperature or  density until modifications 
and further development work remove these restrictions. 

The general approach adopted for the NASA Lewis bumpy-torus experiment may be  

(1) The plasma is confined in the bumpy-torus magnetic field configuration. The 

(5) An additional factor that distinguishes the NASA Lewis bumpy-torus experiment 

The data r e -  

DESCRIPTION OF NASA LEWIS BUMPY-TORUS FACILITY 

The characteristics and performance of the NASA Lewis bumpy-torus superconduct- 
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ing magnet facility have been described elsewhere (refs. 17 and 18). The basic struc- 
ture of the magnetic field in this facility is illustrated in figure 1. 
consists of 12 superconducting coils equally spaced around a toroidal volume 1. 52 me- 
t e r s  in major diameter. 
maximum designed magnetic field strength on the magnetic axis is 3 . 0  teslas. The 
minimum magnetic field on the magnetic axis between coils is 40 percent of the maxi- 
mum magnetic field. The coil a r ray  is located in a single vacuum tank 2.6 meters  in 
major diameter. 

The magnet array 

Each coil has a minor diameter of 19 centimeters, and the 

Figure 2 is an isometric cutaway drawing of the facility. Twelve airlocked access 

Figure 2. - Isometr ic cutaway drawing of NASA Lewis bumpy-torus magnet 
facility. 

ports on the top of the vacuum tank a r e  used to insert and withdraw the high-voltage 
ring electrodes into and out of the grounded coil system. 
diameter view ports in the equatorial plane of the torus permit visual and experimental 
access to the plasma volume. 
1. 52-meter-diameter circle on the bottom of the vacuum vessel. 
a r e  available for  instrumental access to the plasma. 

Twelve 25-centimeter- 

Twelve 16-centimeter-diameter ports a r e  spaced on a 
Some of these ports 

Figure 3 shows the bumpy-torus 
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magnet facility with the top removed from the vacuum tank. Evident in this figure are 
the 12 superconducting coils, each with four spacer bars  that support the forces exerted 

Figure 3. - NASA Lewis bumpy-torus magnet facility with vacuum tank l id removed. 

by adjacent coils. 
servoirs that supply the coil array. 
sion pump is visible at the bottom of the vacuum tank, as a r e  a few of the 16-centimeter- 
diameter access ports. 
figure 4. 
mental access to the plasma volume. 

The magnet facility has  met and exceeded i ts  magnetic field design goals and has 
been extremely reliable in its operational performance (refs. 17 and 18). 
construct the facility w a s  obtained in December 1969, and the preliminary shakedown 
tests were completed on April 30, 1972. 
completed on November 1, 1972; and the first plasma w a s  generated in the facility on 
December 6, 1972. 
imental program, from mid-January to mid-April 1974, in which the facility w a s  under 
vacuum for the entire time. 

figure 5. This power supply consists of two independent modules, each capable of 
50 kilovolts at 10 amperes. These modules can be connected in ser ies  to produce 
100 kilovolts at 10 amperes or  in parallel to produce 50 kilovolts at 20 amperes, depend- 
ing on the plasma impedance at the intended operating conditions. 

At the top of the vacuum tank a r e  three 100-liter liquid-helium re -  
The opening of the 80-centimeter-diameter diffu- 

The exterior of the bumpy-torus magnet facility is shown in 
At eye level a r e  visible some of the view ports that permit visual and experi- 

Approval to 

The final shakedown tests  of the facility were 

The reliability of the facility w a s  demonstrated by a 3-month exper- 

Data were taken during 45 working days. 
The l-megawatt direct-current power supply used to heat the plasma is shown in 
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Figure 4. - Exterior of NASA Lewis bumpy-torus magnet facil i ty, w i th  plasma diagnostic 
equipment. 

Figure 5. - High-voltage direct-current power supply used for ion  heating w i th  modified Penning 
discharge. (The two 50-kV, 10-A modules may be connected in series o r  parallel.) 
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CHARACTERISTICS OF BUMPY-TORUS PLASMA 

The bumpy-torus plasma is shown in figure 6, viewed through one of the 
25-centimeter-diameter glass view ports in the equatorial plane of the torus. The ver- 
tical element in the foreground is the near side of an 18-centimeter-inside-diameter 
water-cooled anode ring located at the midplane of the plasma. The anode ring is main- 
tained at positive direct-current potentials up to 50 kilovolts. The plasma follows the 
magnetic field lines and necks down into the throats of the two adjacent magnetic field 
coils. Visible to the left of center in the background is the anode ring and the plasma 
at the opposite diameter of the toroidal array. The ions and electrons a re  heated by 
E X B drift in the strong crossed electric and magnetic fields that exist between the 
midplane electrode ring and the plasma and also between the plasma and the grounded 
magnet dewars and w a l l s  of the vacuum tank. The plasma tends to float at a high posi- 
tive potential when a positive voltage is applied to the circular midplane electrode. 
Because the plasma is not completely enclosed, there is excellent visual and experimen- 
tal access to it, as illustrated in figure 6. 
wal l  interaction than would exist in a completely enclosed plasma. 

observations. 

Also it may be operated with less  plasma- 

Some experimental runs were taken in pure helium gas to facilitate spectroscopic 
The results of these investigations a re  reported in reference 19. Other 

Figure 6.  - Bumpy-torus plasma viewed along equatorial plane of torus. (The plasma at 
opposite diameter of torus i s  visible to left of t h e  anode r i n g  in the  foreground. I 
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experimental runs were made either in pure deuterium or, when spectroscopic data were 
being taken, in deuterium with an admixture of helium. 

those observed in the modified Penning discharge and described in references 14 to 16. 
The range of independent and dependent plasma parameters is indicated in table I. The 
er ror  associated with the first  four plasma parameters is no more than about 5 percent; 
it is about 10 percent for the background neutral gas pressure. The reproducibility of 
the electron and ion kinetic temperatures is within 15 percent. The electron energy w a s  
typically a factor of 5 to 20 lower than the ion energy. The plasma can be operated in 
the steady state a t  power input levels up to 60 kilowatts. 
150 kilowatts have been maintained for periods of approximately 30 seconds. 
inputs have been limited only by heating of the uncooled sheet metal surrounding the 
plasma. 
tron volts, and electron temperatures have ranged from 14 to 140 electron volts. The 
direct-current input power is preferentially dumped into the ion population by the Pen- 
ning discharge. 
high as 10l1 per cubic centimeter at an average ion residence time of 0. 5 millisecond. 

Significant features of the modified Penning discharge in the bumpy-torus geometry 
a re  that no thermionically emitting electrodes a r e  in contact with the plasma and that no 
electrodes of any description a r e  inside the plasma volume to emit secondary electrons. 
In addition, there a r e  no parallel electric and magnetic fields at the electrode surfaces 
near the plasma. Only the water-cooled anode rings a r e  near the plasma, and they a r e  
separated from it across the magnetic field lines in the anode sheath. 
evidence (ref. l 9 )  indicates that the anode currents a r e  proportional to the particle loss 
rate. This further implies that the electrical circuit to the power supply is completed 
by ions that a r e  transported across the magnetic field lines to the grounded wa l l s  su r -  
rounding the plasma rather than by electrons emitted from cathode surfaces. The mod- 
ified Penning discharge is thus distinguished from a r c s  or  reflex discharges, in which a 
heated electron-emitting cathode is in direct contact with the plasma and plays a neces- 
s a r y  role in its operation. 

plasma is confined on magnetic field lines that close on themselves around the torus and 
is surrounded by a circular midplane electrode between the coils at 12 or fewer of the 
magnetic field midplanes. When the midplane electrode is operated as an anode and 
positive potentials a r e  applied, electrons flow from the plasma to the anode ring and 
ions flow from the plasma to the grounded magnet dewars. The anode sheath between 
the anode ring and the plasma has an effective resistance Ra, and the cathode sheath 
between the plasma and the grounded dewars has an equivalent resistance of Rc. 
potential assumed by the plasma depends on the relative value of these two equivalent 

Diagnostic investigations showed that the plasma characteristics were similar to 

Power levels as high as 
The power 

In deuterium gas, ion kinetic temperatures have ranged from 160 to 1785 elec- 

Estimated number densities on the axis of a helium plasma were as 

Spectroscopic 

An equivalent circuit of the bumpy-torus plasma is illustrated in figure 7. The 

The 
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TABLE I. - RANGE OF EXPERIMENTAL PARA METERS^ 

Parameter Helium Deuterium 

I ' High value Low value High value Low value 

Anode voltage, Va, kV 
Anode current, I,, A 
Input power, W W 
Maximum magnetic field strength, Bma, T 
Background neutral gas pressure, pt, Pa (torr) 
Electron temperature, Te, eV 
Ion kinetic temperature, Ti, eV 

P' 

n 

I 1 

0.001 
0.15 
0.24 

7 . 3 ~ 1 0 - ~  (5. 5X10-6) 
11 

6 50 

50 
5. 5 
l o 5  
2.7 

2 . 5 ~ 1 0 - ~  (1.9x10-~) 
95 

3300 
1011 

50 
5.3 

1. 5x1O5 
3.0 

1 . 8 ~ 1 0 - ~  ( 1 . 3 2 ~ 1 0 - ~ )  
140 

1785 
- - -_-_--_______-__- 

aThese represent extreme and not simultaneously measured values. 
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,r MAGNET DEWARS-. 

Figure 7. - Equivalent c i rcu i t  of bumpy-torus plasma. 

resistances. This value is determined in turn by the relative mobility of ions and elec- 
trons across  the cathode and anode sheaths, respectively, as well as by the sheath 
geometry and other plasma properties. 

It w a s  originally anticipated that the ions would be the most mobile species in the 
strong magnetic fields applied and that Rc would be considerably less  than Ra. In 
fact, this proved not to be the case. The processes that occur in the two sheaths a r e  
such that the value of Rc is significantly greater than the value of the anode sheath r e -  
sistance. As a result, the plasma tends to assume a positive potential close to that of 
the circular anode rings in the midplane. 
anode, the electric fields point radially inward in the anode sheath and radially outward 
between the plasma and the grounded superconducting magnet dewars. 

With the midplane electrode operated as an 

OPERATING REGIMES OF BUMPY-TORUS PLASMA 

The current-voltage characteristics of the bumpy-torus plasma are  shown in fig- 
ure 8(a) for deuterium gas and in figure 8(b) for helium gas. The plasma is character- 
ized by at least three distinct regimes of operation. The so-called high-pressure mode 
is apparent at the higher neutral gas pressures represented by the curves in the upper 
left of figures 8(a) and (b). In the high-pressure mode with all 12 anode rings operating, 
the current is approximately proportional to the cube of the anode voltage until a critical 
current and voltage a r e  reached at which the discharge spontaneously changes mode. 

8(a) and (b). 
approximately 10 kilovolts; the anode current is approximately proportional to the 
square of the anode voltage below the knee and directly proportional to anode voltage 

The low-pressure mode is represented by the curves in the lower right of figures 
The low-pressure-mode data a re  further separated by a change of slope at 
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BACKGROUND 
NEUTRALGAS 
PRESSURE, p t  

Pa KORR) 

*.- L lxlO-' (8. Ox10-5) 
OPERATING 
CONDITION 

(SEE TABLE 111) 
5. 3xW3 

7.1~10-4 

(6.60) 
(5 .3)  
(4.0) 
(2 53) 

(1.60) 

(1.06) 

(. 53) 

(11x10-5) 
(8.2) 
(5.5) 
(4. 1) 

(2 75) 

(1.65) 

(1. 1) 

(. 55) 

- I I 1 l ' ! l L l , l  I I I , l , l L l  - 

100 101 102 100 101 102 
ANODE VOLTAGE, Va, kV 

(a) Deuterium gas. !b) Helium gas. 

Figure 8. - Current-voltage curves of bumpy-torus plasma fo r  eight background neutra l  gas pressures. Maximum 
magnetic f ie ld strength, Bmax, 2.4 teslas; number of anode rings, 12. 

above the knee. This knee in the low-pressure-mode data appears to be associated with 
a transition from an m = -1 to an m = -2 minor azimuthal rotational mode number in 
the ion spoke rotation (ref. 20). 
current-voltage diagram depends upon background neutral gas pressure. 
of anode current to neutral pressure at a fixed anode voltage is the basis for using the 
Penning discharge as a vacuum gage (ref. 21). 
tinuous except at intermediate pressures, where a sharp discontinuity (indicated by 
dashed lines in fig. 8) exists at the mode transition point. 

An attempt was  made to determine the physical processes and parameters that 
characterize the operating regimes of the bumpy-torus plasma. 
current-voltage curves and of the mode transitions in figure 8 a re  qualitatively the same 
for  deuterium and helium gas and exhibit only relatively small quantitative differences. 
Both gases display a high- and a low-pressure mode, and the current-voltage curves 
have the same characteristic slopes in analogous regions of the current-voltage diagram. 
The similarity of the current-voltage curves for these two gases suggests that the high- 

The location of the characteristic curves on the 
The sensitivity 

These current-voltage curves a re  con- 

The behavior of the 
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and low-pressure modes of operation do not occur because of metastable production or 
as a result of processes that depend on either a diatomic or monatomic molecular struc- 
ture. 

It w a s  thought that charge-exchange processes might play a role in determining the 
operating regime of the plasma. Figure 9(a) shows experimentally measured ion tem- 
perature as a function of electron temperature in deuterium gas. This plane is divided 
by two curved lines, which a r e  obtained by setting the charge-exchange times of D+ on 
D2 and of D2+ on D2 equal to the ion residence time in the plasma. 
section on particle transport that the ion residence time is equal to the ionization time 
in this steady-state plasma. The ionization time can be calculated from the spectro- 
scopically determined electron temperature and the background neutral gas pressure. 
In deuterium gas, all data were taken in the region in which the charge-exchange time 
w a s  longer than the average ion residence time. 
ability of being lost from the plasma than they have of undergoing a charge exchange. 
Figure 9(b) shows similar data plotted for helium gas. 
in which the average ion residence time is longer than the charge-exchange time. In 
helium gas, a helium ion wi l l  charge exchange, on the average, long before i ts  charge 
is lost to the walls.  
in deuterium they do not, tends to rule out charge exchange as a cause of the similar 
high- and low-pressure-mode behavior observed in the two plasmas. 

It is shown in the 

The deuterium ions have a higher prob- 

The helium data lie in the region 

The fact that charge-exchange processes dominate in helium, while 

The mode of operation of the discharge appeared to be characterized by only two pa- 

6000 c 
0 HIGH-PRESSURE MODE 

+ X LOW-PRESSURE MODE 
- CHARGE-EXCHANGE TIME EQUALS 

AVERAGE RESIDENCE TIME 

2 0 0 h  ' I I I I 1 1 l 1 1  I I I 1 1 1 1 1 1  
6 10 100 IO00 10 

ELECTRON TEMPERATURE, Te, eV 
100 400 

(a) Deuterium gas. (b) Hel ium gas. 

Figure 9. - Ion  k inet ic  temperature as funct ion of electron temperature fo r  bumpy-torus plasma. Maximum magnetic 
f ield strength, BmaX. 2.4 teslas. 
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rameters, the neutral number density and the electron temperature. 
and (b) give the background neutral gas pressure and the spectroscopically determined 
electron temperature for  the two modes of operation in deuterium and helium gas, re -  
spectively. 
pressure mode is not observed. This minimum pressure is approximately 3 . 6 ~ 1 0 - ~  
pascal ( 2 . 7 ~ 1 0 - ~  torr)  in deuterium gas and 6 . 7 ~ 1 0 - ~  pascal ( 5 ~ 1 0 ~ ~  torr)  in helium 
gas. In addition, a critical electron temperature of about 35 electron volts separates 
the two modes of operation in both gases. The boundaries of the operating regimes in- 
dicated in figure 10 do not bear any obvious relation to the mean free paths or particle 
residence times in these plasmas, and their physical significance is as yet unknown. 

sity, electron temperature, and ionization rate differed in a characteristic manner in 
the two modes of operation. The physical process responsible for triggering the mode 
transition is not understood at  present and is a subject of continuing investigation. 

Figures l l(a) and (b) show the direct-current plasma (R = Va/$,) impedance as a 
function of plasma current and background neutral gas pressure for deuterium and hel- 
ium gas, respectively. 
The data for  the high-pressure mode tend to fall along a simple power-law correlation. 
The plasma input power is shown as a function of plasma current in figure 12(a) for deu- 
terium gas and in figure 12(b) for helium gas. The data tend to follow a simple power- 
law correlation, which in the high-pressure mode covers over six orders of magnitude 
in the input power. 
end indicates that the same physical processes probably determine the plasma impedance 
over this entire range. 

Figures lO(a) 

For both gases, there is a minimum pressure below which the high- 

Spectroscopic investigations showed that the radial profiles of relative number den- 

P 

The resistance tends to increase as the pressure is lowered. 

That no departure from these correlations is observed at  the high 

The data in figure 12 suggest a plasma power-law correlation of the form 

IA 
wpo = -.I?- 

PtB 

where I 
in the vacuum tank. The exponents A and B were adjusted to obtain a best fit to the 
experimental current-voltage curves. This w a s  done with a logarithmic least-squares 
computer program, and the resulting best-fitting exponents a r e  listed in table II. Sep- 

arate exponents were calculated for deuterium and helium plasmas and for the low- and 
high-pressure modes of operation. All four sets  of data include a factor of 10 variation 
in magnetic field. 
rived from the slopes of the current-voltage curves in figure 8, which were taken at a 
single magnetic field. The exponents of this power-law correlation a re  in fair agree- 

is the anode current flowing to the plasma and pt is the neutral gas pressure 
P 

This is why the exponents in table 11 differ slightly from those de- 
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xx *x 

a 10 
ln 4 ELECTRON TEMPERATURE, Te, eV 
0 

2 a (a) Deuterium gas. 
E 

z 4 ~ 1 6 ’ ~  

3 w z 

2 

0 HIGH-PRESSURE MODE 
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x x x *  
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““6 
x *  
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(b) Helium gas. 

4 M 

8x 
10 20 40 60 100 

ELECTRON TEMPERATURE, Te. eV 
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TABLE II. - BEST-FITTING PARAMETERS 

FOR PLASMA POWER CORRELATION 

Deuterium 

Helium 

ation 

Low pressure 
High pressure 
Low pressure 

I 

I -  High pressure 

Exponent 

A 

1.736 
1.562 
1.785 
1.387 

B 

0.626 
.560 
.751 

a. 118 
._ 

ahsufficient range of background pressure 
variation to yield meaningful pressure 
exponent. 

ment for both gases, except for the helium high-pressure-mode value, for which the 
range of pressure variation w a s  inadequate. 

plotting the value of W from equation (1) against the actual plasma input power. This 
has been done for both gases and both modes of operation in figure 13. In general, cor- 
relation of equation (1) with the exponents of table I1 yields a good description of the 
plasma behavior over at least two orders of magnitude. As  can be seen in figure 13 the 
power-law correlation in the low-pressure mode is not quite as good as that in the high- 
pressure mode. 
equation (1) must be regarded as purely phenomenological and without theoretical justi- 
ficiation. 
provides a point of reference for a theory of the bumpy-torus plasma. 

The degree to which the exponents in table I1 yield a good fit may be judged by 

PO 

At the present stage of our understanding of the bumpy-torus plasma, 

However, equation (1) summarizes a large body of experimental data and 

ION HEATING IN THE BUMPY TORUS 

The ion heating process in the modified Penning discharge h a s  been extensively in-  
vestigated in an axisymmetric magnetic mirror  geometry (refs. 14 and 15). It was 
found that ion heating and thermalization a re  directly correlated with the ( E x  g) /B 
drift of ions in the plasma sheath. 
tions a re  summarized schematically in figure 14. 
ring, which in these experiments is maintained at positive potentials up to 50 kilovolts. 
The high anode potentials give r ise  to a very strong electric field that points radially 
inward in the anode sheath and radially outward in regions outside the anode sheath. 
ions a r e  expected to be the more mobile species in directions perpendicular to the mag- 

2 

The physical processes observed in these investiga- 
The outer circle represents the anode 

The 
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SHEATH 

ANODE RING 

ELECTRON SPOKE CS-59188 

Figure 14. - Schematic i l l us t ra t ion  of physical processes in anode sheath of 
modified Penning discharge. 

netic field, and the anode sheath thickness would then be determined by the ion Debye 
length kdi (refs. 14 and 15). 
the ion Debye length, s o  the electrons see the full electric field of the sheath and drift 
with the full (z X E)/B2 drift velocity. 
the ion gyro diameter is larger than the ion Debye length. The average ion spends only 
a fraction of i ts  time in the electric field of the sheath and therefore sees  an effective 
electric field much smaller than the sheath electric field. For this reason, the ions 
drift with an azimuthal velocity much smaller than that of the electrons, usually from 
1/5 to 1/20 of the electron drift velocity. 

(see also ref. 22). 
tic potential detected by a capacitive probe at three sweep speeds. The top trace shows 
the electron spoke trace with downward-pointing cusps as the negative charges swept by 
the probe with a frequency of 1.8 megahertz. The intermediate trace shows both the 
electron spoke trace with its downward-pointing cusps at 1.8 megahertz and the ion spoke 
modulation with its upward-pointing cusp at 95 kilohertz. The ion spoke modulation 
is most apparent in the bottom trace. Figure 16 shows electrostatic potential waveforms 
from two capacitive probes at opposite ends of a minor diameter. Both the ion and elec- 
tron spokes a r e  180' out of phase and a re  single m = -1 spokes in this case. 

Penning discharge w a s  equal to the velocity corresponding to the most probable energy 
of the ions. 
sheath. 
shown to be proportional to the square root of the ion kinetic temperature. 

The gyrodiameter of the electrons is much smaller than 

In the modified Penning discharge, however, 

Experimental evidence for spokes in the bumpy-torus plasma is shown in figure 15 
These three single-sweep oscilloscope traces show the electrosta- 

In reference 14 it w a s  shown that the ion spoke rotational velocity in a modified 

2 The ion heating is therefore correlated with (5 X g)/B drift in the plasma 
The ion spoke rotational velocity in the bumpy-torus plasma has also been 

This sug- 
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(a) Electron spoke; sweep speed, 0.5 microsecond per centimeter; 
frequency, = 1.8 megahertz. 

(b) Electron and ion spoke modulation; sweep speed, 2.0 micro- 
seconds per centimeter; frequency, 1.8 megahertz and 95 k i lo-  
hertz. 

(c) Ion spoke; sweep speed, 5.0 microseconds per centimeter; fre- 

Figure 15. - Electrostat ic potential waveform from a single capacitive 
probe. Posi t ive potential gives upward deflection; anode voltage, 

.Va, 18 ki lovolts; anode current, Ip, 76 milliamperes; background 
neutral gas (deuterium) pressure, pt,  7 .1~10-4  pascal (5 .3~10-6  
torr); maximum magnetic f ie ld  strength, Bmax, 1.44 teslas. 

quency, = 95 kilohertz. 

20 



(a) Electron spokes; sweep speed, 0.5 microsecond per centimeter. 

(b) Ion and electron spokes; sweep speed, 2.0 microseconds per centimeter. 

Figure 16. - Electrostatic potential waveforms from two capacitive probes 
at  opposite ends of a diameter. Positive potential gives upward deflec- 
tion; operating conditions same as in figure 15. 

gests that the same ion heating mechanism operates in Penning discharges in both axi- 
symmetric magnetic mir ror  and bumpy-torus geometries (ref. 22). Maxwellianization 
of the ion energy distribution function, reported in references 13, 16, and 22, appar- 
ently results from electrostatic turbulence in which the energy fed into the turbulent 
spectrum at the ion spoke rotational frequency cascades upward in frequency and down- 
ward in scale size until it is finally dissipated in thermal motions of the ions. 

tribution function and kinetic temperature of the ions perpendicular to the toroidal mag- 
netic field in the bumpy torus. 
at Fontenay-aux-Roses (ref. 23), and the data were taken and reduced in the manner de- 
scribed in reference 16. 

A charge-exchange neutral particle analyzer w a s  used to measure the energy dis- 

The analyzer is a duplicate of that developed by Valckx 

Figure l? shows the experimental arrangement of the charge- 
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Figure 17. - Schematic drawing of charge-exchange neutra l  part icle analyzer. (Line of sight of 
detector i s  in equatorial plane and perpendicular to axis of torus. 1 

exchange neutral particle analyzer with respect to the bumpy-torus plasma. The ana- 
lyzer w a s  aimed directly across  the minor diameter of the plasma in the magnetic field 
midplane between two coils. Charge-exchange neutrals from the opposite diameter of 
the toroidal plasma were prevented from entering the analyzer by a baffle plate on the 
central axis of the torus. 

sampled by the analyzer. 
with respect to the distance to the analyzer makes possible direct sampling of the 
plasma. 
neutrals to those generated in a limited region of the plasma, a column about 1 centi- 
meter high and 1 centimeter wide across  the plasma diameter. Only ions moving per- 
pendicular to the toroidal magnetic field a re  sampled. The energetic charge-exchanged 
neutral atoms a r e  then re-ionized in a nitrogen gas cell at 13 pascals (0. 1 torr)  of pres- 
sure  and analyzed by a set of 90' electrostatic deflector plates. The geometry of these 
plates requires that a re-ionized particle have an energy of 10 times the voltage across 
the plates per unit charge in order to be detected by the scintillator and photomultiplier 
tube at the output of the electrostatic deflector plates. 
counts individual particles, and the signal is integrated and plotted as a function of 
energy ~n an X-Y recorder. From these r a w  data, several corrections a re  made as 
described in reference 16 to convert the r a w  data to ion energy distribution functions. 
These distribution functions a r e  then compared with a Maxwellian distribution by a 
least-squares procedure to determine a best-fitting ion temperature. 

Plasma ions which charge exchange with the background molecular neutral gas a re  
The long mean free path of the energetic neutral deuterium 

The position of the entrance sli ts  of the analyzer res t r ic ts  the charge-exchange 

The photomultiplier detector 

The raw data be- 
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low 2000 electron volts are not used in the fi t  because the sensitivity of the scintillator 
crystal  is not known with certainty below this energy for either helium or deuterium 
gas. 

Two ion energy spectra taken with the charge-exchange neutral particle analyzer 
in helium gas a re  shown in figure 18. Figure 18(a) shows the measured data and the 
best-fitting Maxwellian distribution with an ion kinetic temperature of 2510 electron 
volts. Figure 18(b) shows an example in which the kinetic temperature w a s  1820 elec- 
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tron volts and the ion energy distribution could be followed even further along the Max- 
wellian tail. In figure 18(b) the Maxwellian tail can be followed out to 18 kilovolts, 
although the anode voltage w a s  only 15 kilovolts. This demonstrates that the ion popula- 
tion is not directly heated by acceleration to  the applied voltage in sheaths but that 
thermalization takes place. This observation is typical of all those cases at high mag- 
netic fields for which the ion energy distribution function can be followed beyond the 
anode voltage. Data were also taken in deuterium gas and were reduced on the assump- 
tion that only D+ ions a r e  detected by the neutral particle analyzer. These measure- 
ments yielded ion kinetic temperatures from 160 to  1785 electron volts. The nature of 
the ion energy distribution function w a s  investigated as a function of discharge operating 
conditions. An interesting trend became apparent, particularly when magnetic field 
w a s  the independent variable. It was  found that the ion energy distribution functions 
could be classified into four mutually exclusive descriptive categories, examples of 
which a r e  illustrated in figure 19. In this figure a characteristic example of the ion 
energy distribution function is shown for each category along with the best-fitting Max- 
wellian distribution where this is appropriate. The most common distribution function 
best fits a single-slope Maxwellian distribution and is most prevalent at high magnetic 
fields, above Bm, 
tion is shown in figure 19(a). The reduced data closely f i t  a Maxwellian distribution 
with kinetic temperature of 697 electron volts over four orders  of magnitude in the rela- 
tive number density, or more than nine energy e-folding lengths, in spite of the fact 
that the analyzer sampled ions across the entire diameter of the plasma. 

The next most frequent type of distribution function w a s  the two-slope distribution 
illustrated in figure 19(b). 
at intermediate magnetic fields (0. 5 5 Bm, 5 2.0 teslas). Such a two-slope distribu- 
tion could result from the analyzer sampling the center and the sheath of the plasma, 
with each region of the plasma having a different ion temperature. Or the higher tem- 
perature component could represent D + which is hotter because of its higher mass, 

2.0 teslas. An example of the single-slope Maxwellian distribu- 

These two-slope distribution functions a r e  most prevalent 

since all ions have a constant (E X E)/B 22’ drift velocity. 

The third type of ion energy distribution function is the two-humped distribution il- 
lustrated in figure 19(c). 
distribution functions of this nature can ar ise  when the plasma consists of two species 
(such as D+ and D2+) at a common kinetic temperature with both species drifting in 
azimuth with a velocity comparable to the ion thermal velocity. 
hump fits a drift-free Maxwellian distribution, and it is clear that under these condi- 
tions the plasma as a whole is far from equilibrium. 
tended to occur at pressures above 4. M O - ~  pascal ( 3 . 5 ~ 1 0 - ~  torr)  and at midplane 
magnetic fields less  than 0.2 tesla (Bm, < 0. 5 tesla). 
energy approximately twice that of the first maximum. 

Englert, Reinmann, and Lauver (ref. 24) have shown that 

In figure 19(c), neither 

This type of distribution function 

The second hump occurs at an 
According to  reference 24 the 
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d is t r ibut ion funct ion observed in bumpy-torus plasma operating at 

plasma at these operating conditions could consist of a Maxwellian plasma with an ion 
2 temperature of about 100 electron volts rotating at a high (EXB)/B 

second hump may be due to D2+ rotating with the same drift velocity. 
The final ion energy distribution is shown in figure 19(d). It is dominated by a 

single very large peak at the anode voltage of the plasma. These peaks tend to occur at 
pressures below 4 . 7 ~ 1 0 - ~  pascal ( 3 . 5 ~ 1 0 - ~  torr) and at midplane magnetic fields less 
than 0.2 tesla. In some cases, peaks occur at one-half and three-fourths of the anode 

- - c  

drift velocity. The 
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voltage. 
of D2' in the plasma or of D2+ or neutral D2 in the gas cell. 

distribution function best fits a Maxwellian distribution increases. This is fortunate be- 
cause it is desirable in fusion applications that the ions be as Maxwellian as possible in 
order to reduce the number of reservoirs of free energy available to drive plasma in- 
stabilities. 

The peak at one-half of the anode voltage could be due either to dissociation 

As the magnetic field increases, the percentage of cases in which the ion energy 

RADIAL PROFILES OF FLOATING POTENTIAL 

The electric fields acting on the plasma play an essential role in ion heating and 
may affect the plasma confinement and stability. Hence, it w a s  considered desirable 
to obtain information about the radial profile of floating potential. Ion beam probing is 
the method of choice of such measurements, but only the conventional floating Langmuir 
probe technique w a s  possible during these investigations. There a re  serious questions 
about the validity of floating potential measurements under the existing conditions of 
high ion temperature, strong magnetic field, and measurable disturbance of the plasma. 
It w a s  nonetheless hoped that such measurements could at  least provide qualitative in- 
formation about whether the plasma as a whole w a s  floating at a high potential and 
whether the electric field w a s  pointing inward or outward in the vicinity of the plasma 
boundary. 

hydraulically actuated Langmuir probe shown in figure 20. The length of travel of the 
probe tip could be adjusted continuously over a radial distance of 11.4 centimeters, with 
a dwell time of 0.7 second at each position along this travel length at which it was set. 

Radial profiles of floating potential were taken in the bumpy-torus plasma with the 

OSCILLOSCOPE Y 7, 
U . \  

\, OSCILLOSCOPE X A 
LANGMUI R PROBE 

'- PATH OF PROBE 
ANODE RI 
POSITION 

MAGNET DEWAR (35-71367 

Figure 20. - Region of plasma sampled by Langmuir  probe. 
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The probe potential is allowed to float with a 100-megohm impedance to ground, which 
compares with an effective plasma resistance (obtained by dividing the anode voltage by 
the anode current) less  than about 100 kilohms for these measurements. 

potentials applied to all 12 anode rings. All data shown in figure 2 1  a re  in the low- 
pressure mode of operation except for the lowest curve at an anode voltage of 2.3 kilo- 
volts, which is in the high-pressure mode. The plane of the probe motion lies 4.3 cen- 
timeters away from the plane of the adjacent anode ring. The probe w a s  started from a 
position 7.5 centimeters outside the anode ring radius, and it penetrated approximately 
3 centimeters into the plasma. The probe w a s  started this far out to prevent its over- 
heating and perturbing the plasma too greatly. No effect of the probe on the anode cur- 
rent w a s  observed during the measurements shown in figure 21. The results in fig- 
ure 2 1  indicate that the plasma floats at a potential of at least 75 percent of the anode 
voltage and that the electric field points radially outward over i ts  surface. 

The results of these measurements a r e  shown in figure 2 1  for a plasma with positive 

Results with a single anode ring a r e  shown in figure 22 for the high-pressure mode 
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Figure 21. - Floating potential as funct ion of probe 
posit ion along radius 4.3 centimeters from mag- 
net ic  midplane of sector 8. Maximum magnetic 
f ield strength, Bmax, 2.4 teslas; deuterium 
background pressure, pt, 3.6~10-3 pascal 
(2.7~10-5 tor r ) .  

27 



ANODE 
RING 
RADIUS 

I 
12 

I I  I 
PROBE RADIAL POSITION, CM 

Figure 22. -Radial floating potential prof i le as a r e s u l t  of changing 
posit ion of single anode r i n g  from two sectors away to f ou r  sectors 
away from sector containing probe - high-pressure mode. Anode 
voltage, Va. 7 kilovolts; background neutra l  gas (he l ium) pres- 
sure, pt, 1 . 1 ~ 1 0 - ~  pascals la. 3x10-5 to r r ) ;  maximum magnetic 
field strength, Bmax, 2.4 teslas. 

and in figure 23 for the low-pressure mode. The anode ring w a s  first placed two sec- 
to rs  away from the sector in which the probe w a s  located; then it w a s  removed and 
placed four sectors away. A s  the anode ring w a s  moved away from the probe, the po- 
tential in the probe sector decreased in both the high- and low-pressure modes. The 
decrease w a s  much more dramatic in the low-pressure mode. The high-pressure-mode 
results (fig. 22) indicate that the plasma ring floats at a positive potential well above 
ground. The low-pressure-mode results, with only one anode ring (fig. 23), should be 
interpreted cautiously since, unlike the high-pressure-mode condition, the anode cur- 
rent changed by as much as 50 percent when the probe w a s  inserted into the plasma. It 
is also the case that misalinement of the single anode ring used in figures 22 and 23 
could have affected the results. 
ments that when positive potentials a r e  applied to the midplane electrode rings, the 
plasma floats at a high positive potential and reaches at least 50 to 80 percent of the 
anode voltage on the plasma axis. It also appears justified to conclude that, except in 
the vicinity of the anode sheath, the electric field created by this floating potential points 
radially outward from the plasma. 

It appears justified to conclude from these measure- 

28 



p. 52 g 3  ’c \q ,r RING TWO SECTORS AWAY 

RING FOUR SECTORS AWAY: \\ L 
4 1  

I ANODE RING RADIUS-\ \ 

0 2 4 6 8 10 12 14 16 
PROBE RADIAL POSITION, CM 

Figure 23. - Radial f loating potential prof i le as a resul t  of changing position of s ingle anode r i n g  f rom 
two sectors away to f o u r  sectors away from sector containing probe - low-pressure mode, Anode 
voltage, Va, 20 kilovolts; background neutral  gas (he l ium)  pressure, pt, 3.7~10-3 pascals ( 2 . 8 ~ l O - ~  
torr) ;  maximum magnetic f ield strength, Bmax, 2.4 teslas. (The two curves representing the  two- 
sectors-away case show effect o n  potential profi le of moving grounded probe support shaft 7.6 cm 
radially outward f rom plasma. ) 

SPECTROSCOPICALLY DETERMINED RADIAL PROFILES OF ELECTRON 

DENSITY AND TEMPERATURE 

Spatially averaged and time-averaged electron temperature and relative number 
density have been measured spectroscopically over a range of discharge operating con- 
ditions in the NASA Lewis bumpy-torus plasma. Observations in pure helium gas have 
been reported elsewhere by Richardson (ref. 19). The electron temperature is meas- 
ured from the ratio of selected spectral line intensities emitted by a small admixture 
of helium gas. Relative number densities a r e  deduced from the helium spectral line 
intensities and measured electron temperatures. 

trometer. A thin horizontal chord through the plasma perpendicular to the magnetic 
field w a s  viewed through a beam rotator and imaging optics, as shown in figure 24. The 
measurements were made at the magnetic mir ror  midplane in the region between a set  
of double anode rings spaced 3 centimeters apart. Chords at different vertical positions 

The spectroscopic measurements were made with a 1. 5-meter Fastie-Ebert spec- 
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Figure 24. - Schematic drawing of spectroscopic apparatus used to take 
electron temperature and relative number density and  to make radial 
profiles of these quantities. 

were observed by translation of the lens perpendicular to the optical axis. 
lamp w a s  used to determine the spectral response of the entire system. 

In order to produce observable helium spectral lines, a small  amount of helium w a s  
added to the background deuterium gas. 
background pressure of 9 . 3 ~ 1 0 - ~  pascal (7X10-6 torr)  based on an ionization gage factor 
of 5.55 w a s  used for most runs. It w a s  assumed that the pumping speed of the system 
w a s  constant for helium gas. The deuterium background pressure w a s  varied between 
1. ~ x I O - ~  and 1. 1X10-2 pascal (10X10-6 and 8X10-5 torr)  based on a gage factor of 2.65. 
A few runs were taken at deuterium pressures of 5 . 3 ~ 1 0 ~ ~  to 1 . 3 ~ 1 0 - ~  pascal ( 4 ~ 1 0 - ~  
to  1 0 ~ 1 0 - ~  torr)  for which a helium background pressure of 6. ~ x I O - ~  pascal ( 5 ~ 1 0 - ~  
to r r )  w a s  used. The percentage of helium mixture w a s  varied over the range used ex- 
perimentally, and the electron temperature w a s  not sensitive to the fraction of helium 
mixed with the deuterium until this fraction became greater than about 50 percent. 

Electron temperatures were measured by the helium line ratio technique (refs. 25 
and 26). 
the excitation cross section between the singlet and triplet se r ies  of helium and between 
the helium II and neutral helium lines. 

A standard 

A constant helium flow rate  equivalent to a 

This technique uses the marked difference in electron energy dependence of 

The intensity of a spectral line I due to a 
jk 
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transition j -k  in the case of single-step electron excitation and spontaneous decay is 

for  the corona model (refs. 25 and 26), where no and ne a r e  the neutral helium and 
electron number densities, respectively. The variable f .  (v) is the apparent excitation 
cross-sectional shape function normalized to its maximum and is a function of the elec- 
tron velocity v. 
energy distribution function that is taken to be Maxwellian, and (T is the maximum ap- 
parent excitation cross  section. The ratio of the intensity of two spectral lines Ijk/Ilm 
is independent of electron density and is a function of electron temperature if the shape 
functions f .  (v) and flm(v) a r e  dissimilar. 

tions from the 'S and 
states has been shown to be insensitive to background neutral gas pressure and, hence, 
to multistep processes involving neutrals, which would invalidate equation (2). 

The excitation coefficients cr. ( f .  (v)v) and appropriate ratios as functions of elec- 
tron temperature were numerically computed up to an electron temperature of 200 elec- 
tron volts for the ~ ~ p - 5 ~ ~  (412.1 nm), 2 3 ~ - 4 3 ~  (471.3 nm), 2lP-4'S (504.8 nm), and 
2 P - 5  S (443.8 nm) transitions of neutral helium by using the shape functions of refer- 
ences 27 and 28 and I. D. Lattimer (private communication). 
sition. excitation coefficient w a s  calculated by using the shape functions of references 
25 to 30. of reference 26 were used. 

The relative electron density fie can be determined from the measured electron 

Jk 

The angular brackets indicate an average over the assumed electron 

jk 

Sovie (ref. 25) has suggested that transi- 
3 

Jk 
S states be used since the c ross  section for excitation to these 

Jk Jk 

1 1  

The He' (468.6 nm) tran- 

For all lines the maximum cross  sections cr 
jk 

temperature and the relation 

A 

A neO1jk n =  e nO(fjk(v)v) O j k  

where I. 
malizing constant that w a s  the same for all data presented in this report. 
is useful for determining radial relative density profiles and observing the change in 
density with operating conditions of the discharge. 

Relative helium line intensities spatially averaged across  a chord through the 
plasma 2 centimeters from the edge of the plasma have been measured while the dis- 
charge operating conditions were systematically varied. The ~ ~ p - 5 ~ ~  (412.1 nm) and 
2 P-4 S (471.3 nm) triplet se r ies  transitions of neutral helium were observed, as well 
as the 468.6-nanometer line of helium II under the higher electron temperature condi- 
tions. With the discharge operating at a fixed voltage and constant deuterium pressure, 

is the observed relative spectral line intensity and he, is an arbitrary nor- 
This relation 

Jk 

3 3  
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the spectrometer w a s  manually peaked on each spectral line, and the light intensity w a s  
measured with the helium supply on and off - the difference being the spectral line in- 
tensity. No change in the background light level w a s  detectable between the helium-on 
and helium-off conditions, and no pronounced deuterium or  impurity lines interfered 
with the helium lines. Typical spectroscopic data at a set  discharge operating condition 
are presented in figure 25. Wavelength scans of the spectrum near the line with and 
without helium a re  shown, as is the peak intensity as a function of time for about 1 min- 
ute of operation. The noise level for the chosen conditions i s  about average. 

Figure 26 shows sample vertical scans of the 504.8-nanometer helium line intensity. 
The horizontal scale is the vertical distance of the chord from the center of the dis- 
charge, and the vertical scale is the relative line intensity. A vertical scan i s  shown for 
the low- and high-pressure operating modes of the discharge. Forty-point Abel inver- 
sions (ref. 31) have been made of the vertical profiles of the spectral lines for various 
operating conditions of the discharge. 
due to toroidal curvature has been neglected. 

Radial profiles of the electron temperature and relative number density were taken 
for  various conditions in the high- and low-pressure modes of operation. Characteris- 
tic sets of four of these profiles a re  shown in figures 27 and 28, and the corresponding 
operating conditions a re  specified in table III. These conditions a r e  also indicated by 
the points A to D on the current-voltage plot for deuterium gas (fig. 8(a)). The mode 
transitions and current-voltage curves for the data of table 111 a re  slightly displaced 
from those of figure 8(a) as a result of the admixture of helium gas for spectroscopic 
purposes. 
tion boundary; cases B and C a re  at essentially the same background pressure but on 
adjacent sides of a mode transition; and case D is in the low-pressure mode away from 
the mode transition. 
ical e r ro r s  introduced by the Abel inversion procedure. 
features that are characteristic of a large majority of the profile data taken: 

eter. 

the vicinity of the anode sheath. 

mode. 

four operating conditions of table III. The scatter of adjacent points about the trend line 
is again due to numerical e r ro r s  introduced by the Abel inversion procedure. 
density profiles exhibit several features that a r e  characteristic of the profile data taken: 

(1) In the low-pressure mode, the density profile is relatively flat in the plasma in- 

The effect of azimuthal drift and nonaxisymmetry 

Case A is in the high-pressure mode, somewhat away from the mode transi- 

The scatter of adjacent points about the trend line i s  due to numer- 
These profiles exhibit three 

(1) The electron temperature profiles a re  relatively flat across  the plasma d.iam- 

(2) The electron temperatures a re  higher at the outer boundary of the plasma, in 

(3) The temperatures a re  higher in the low-pressure mode than in the high-pressure 

Radial profiles of relative electron number density are shown in figure 28 for the 

These 
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Figure 25. -Typical spectral peak, background noise, and method of measuring peak height. 
(Spectral peak was scanned in wavelength, and t h e n  peak intensi ty was measured as 
funct ion of time. 
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0 CHARACTERISTIC HIGH-PRESSURE MODE 
A HIGH-PRESSURE MODE NEAR TRANSITION 
A LOW-PRESSURE MODE NEAR TRANSITION 
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Figure 27. - Electron temperature as function of probe radial position in deuter ium gas for four  operating 
conditions designated A to D i n  f igure 8(al and table 111. 

terior but is enhanced in an annular ring associated with the anode sheath. 

factor of 10 a t  the anode sheath. 

pressure mode, if other conditions a r e  approximately constant, as they a r e  in cases B 
and C. 

anode current, anode voltage, and neutral gas pressure. 

(2) In the high-pressure mode, the density peaks on the axis and falls off by about a 

(3) The average densities a re  higher in the high-pressure mode than in the low- 

(4) If other factors a r e  the same, the densities tend to increase with increasing 

(5) Ionization occurs throughout the plasma volume in the high-pressure mode but is 
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Figure 28. - Relative electron number density as funct ion of probe radial position in deuter ium gas for f o u r  
operating conditions designated A to 0 in f igure  a(a) and table 111. 
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TABLE 111. - OPERATING CONDITIONS FOR RADIAL ELECTRON DENSITY AND TEMPERATURE PROFILES 

Operating condition 

Tank pressure, pt, Pa (torr) 
Anode voltage, Va, kV 
Anode current, I A 
Ion kinetic temperature, Ti, eV 
Maximum magnetic field strength, Bma, T 

P’ 

Location in figure 8(a) 
I I I 

A B C I D 

High pressure 

Mode 

Iigh pressure (near 
transition) 

3 . 5 ~ 1 0 - ~  ( 2 . 6 ~ 1 0 - ~ )  
6 

0.35 

462 
2.4 

Low pressure (near 
transition) 

3. 2 ~ 1 0 - ~  (2. ~xIo-~) 
9 

0.20 
634 
2.4 

Low pressure 

2 . 3 ~ 1 0 - ~  ( 1 . 7 ~ 1 0 - ~ )  
15 

0.27 
670 
2.4 

w 
-3 



localized in the anode sheath in the low-pressure mode (ref. 19). 

PARTICLE TRANSPORT IN THE BUMPY-TORUS PLASMA 

. The present experiment uses a modified Penning discharge in combination with a 
bumpy-torus magnetic field. It is to  be expected that the confinement properties of this 
combination wi l l  differ significantly from those of other concepts such as Tokamaks or 
Stellarators. These concepts rely exclusively on magnetic fields to confine the plasma, 
but the Penning discharge - bumpy-torus combination is intended to use both electric 
and magnetic fields for plasma heating and confinement. Conventional containment con- 
cepts based on pure magnetic confinement have exhibited ion containment times that a r e  
proportional to the magnetic field (Bohm diffusion) or that vary as B (variations of 
classical diffusion). It is, therefore, of interest to see whether the Lewis bumpy torus 
exhibits similar behavior. 

2 

The steady-state current flowing to the Penning anode rings represents the net num- 
ber  of coulombs per second being lost from the entire plasma and can be written 

en V 
I =ep 
P 

r C  

(4) 

where V 
density, and rc is the net charge residence time. Since the ions and electrons move 
across  the magnetic field lines to complete the electrical circuit to the power supply, 
normally I 
or Bohm diffusion. Studying whether the anode current is a function of magnetic field 
while discharge parameters other than the electron number density remain constant can 
provide a rough measure of the variation of the net charge residence time rc with mag- 
netic field. 

is the plasma volume, ne is the time- and space-averaged electron number 
P 

should be a function of magnetic field and should be governed by classical 
P 

Figures 29(a), (b), and (c) show the current-voltage characteristics of the bumpy- 
torus plasma for the same eight values of deuterium gas pressure and for maximum 
field strengths of 2.4, 1.43, and 0.48 tesla. A comparison of these characteristic 
curves shows that the sharp mode transition gradually disappears as the magnetic field 
is reduced, until the curves a re  continuous at 0.48 tesla. 
voltage-current curve for a given pressure is only weakly dependent on magnetic field. 
Spectroscopic measurements showed that the relative electron number density typically 
did not vary by more than a factor of 2 over this range of magnetic fields. If ne is r e -  
garded as approximately constant, Bohm diffusion would have predicted a shift of a fac- 
tor of 5 in going from figure 29(a) to (c), and classical diffusion varying as B2 would 

It is also apparent that the 
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Figure 29. - Current-voltage curves of bumpy-torus plasma in deuterium gas for various background neutral gas 
pressures. Number of anode rings, 12. 
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have predicted a factor of 25 shift in any one of the characteristic cprves. 
This point can be illustrated more explicitly with the data shown in figure 30, in 

which the anode current is plotted as a function of magnetic field for three combinations 
of background pressure and anode voltage. Although the magnetic field varies over a 
factor of 10, the anode current varies only by about a factor of 2. A factor of 100 would 
have been anticipated on the basis of classical diffusion. 
and 30 a re  not conclusive because the relative electron number density was not meas- 
ured simultaneously. 

A second line of evidence that illustrates that particle transport is weakly depend- 
ent on magnetic field in the bumpy torus can be obtained from spectroscopic observations 

Unfortunately, figures 29 

10-2, 

in the following manner: 

I I I l l l l  I I I l l 1  

'F 
A time- and space-averaged continuity equation for the bumpy- 

0 HIGH-PRESSURE MODE 
LOW-PRESSURE MODE 

t- 
BACKGROUND ANODE 
NEUTRAL GAS VOLTAGE, 
PRESSURE, Pt Vas 

kV 

7. l x W 3  (5. ~ x I O - ~ I  8.0 
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Figure 30. - Plasma c u r r e n t  as funct ion of magnetic f ield strength f o r t h r e e  
combinations of background neut ra l  gas pressure and anode voltage. 
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torus plasma, if charge neutrality is assumed, may be written 

n e 

TC 

-=  neno( w) ne - - = 0 
dt 

(5) 

where no is the neutral number density, (m) ne is the ionization rate coefficient for 
electron-neutral ionization, and the time derivative on the left side vanishes in the 
steady state. Equation (5) assumes that ionization occurs by electron-neutral collisions 
only and that all par t s  of the plasma lose ions at an equal rate after an average residence 
time per particle of ic. The average time required for an electron to produce an ioni- 
zation is given by the ionization time ri 

- 1 
- 7c 7. = 

1 
av) ne 

and is equal to the average ion residence time in the steady state. Plotting the average 
ion residence time as a function of magnetic field wil l  then exhibit the manner in which 
the plasma containment depends on magnetic field. 

Figure 31  is the average ion residence time in deuterium gas as a function of mag- 
netic field over more than a factor of 10 variation in the latter quantity. Shown are data 
for two pressures  at each magnetic field strength: one in the low-pressure mode of 
operation and one in the high-pressure mode of operation. The average ion residence 

w z 
c 4 0 1  

20 k 
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NEUTRAL GAS 
PRESSURE, Pt 

Pa (TORR) 

o HIGH PRESSURE 7 . 1 ~ 1 0 - ~  ( 5 . 3 ~ 1 0 ' ~ )  + LOW PRESSURE 2 1 (1.6) 
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Figure 31. - Average ion  residence t ime as func t ion  of 
maximum magnetic f ield strength for  h igh-  and low- 
pressure modes of operation. 
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time is dependent very weakly, if at all, on the magnetic field strength in both the high- 
and low-pressure modes of operation. 

EFFECT ON PLASMA CHARACTERISTICS OF VARYING THE 

NUMBER OF ANODE RINGS 

The toroidal plasma was  generated by applying a positive potential to all 12 anode 

rings, then only to the 6 even-numbered anode rings, and then to 3 anode rings located 

from the discharge volume. The current-voltage curves for  these cases in deuterium 
gas a re  shown in figures 32(a) and (b) for a single pressure in each mode and with the 
number of anode rings as a parameter. In general, the total anode current tended to 
increase as the number of anode rings decreased until the case of a single anode ring 
w a s  reached. 
eral  trend applies. 

density both tended to increase as the number of anode rings decreased from 12 to 3. 

I 120’ apart, and finally to a single anode ring. The anode rings not used were retracted 

Figures 33(a) and (b) show similar data for helium gas, and the same gen- 

Spectroscopic measurements shaved that the average ion residence time and number 

NUMBER OF 
ANODE RINGS, 

N 

ANODE VOLTAGE, Va, kV 

(a) High-pressure mode; background (bl Low-pressure mode; background 
neutral  gas pressure, pt, 
2. 1xlO-j pascal ( 1 . 6 ~ 1 0 - ~  torr) .  

neutral  gas pressure, pt, 
8 . 8 ~ 1 0 - ~  pascal ( 6 . 6 ~ 1 0 - ~  torr) .  

Figure 32. - Current-voltage curves of bumpy-torus plasma in deuter ium gas fo r  various 
numbers of anode rings. Maximum magnetic f ield strength, B,,,. 2.4 teslas. 
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numbers of anode rings. Maximum magnetic field strength, B,,,, 2.4 teslas. 
Figure 33. - Current-voltage curves of bumpy-torus plasma in hel ium gas for various 

These results have been reported by Richardson (ref. 32). 
electron number density on the axis as a function of the number of anode rings in the 
high- and low-pressure modes of operation. 
from 12 to 3,  the number density on the axis increased by approximately an order of 
magnitude in the high-pressure mode and by a factor of 3 in the low-pressure mode. 
The density resulting from operation with a single anode rfng depended on the particular 
anode ring to which the voltage w a s  applied. 
ment of the anode rings with respect to the magnetic axis. 

times T ~ ,  were calculated from equation (6) by using the spectroscopically determined 
radial profiles of electron temperature. Results a r e  shown in figure 35  as a function of 
the number of anode rings N for both modes. Also indicated for each point is the cor- 
responding mean electron temperature Te. The estimated e r ror  bars  for the high- 
pressure mode are large because of the steepness of the ionization rate curve at the 
lower electron temperatures. 
N = 3 is quite pronounced, as well as the decrease whengoing to N = 1. 

Figure 34 shows the relative 

As the number of anode rings w a s  reduced 

This may result from problems of aline- 

The ion residence times T ~ ,  which have been shown to be equal to the ionization 

The increase in T~ to 500 microseconds when going to 
In the low- 
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Figure 34. - Relative electron density on axis as funct ion of number 
of anode r ings fo r  both modes of operation in he l i um gas. 
Maximum magnetic field strength, Bmax, 2 4  teslas. 

I AVERAGE ELECTRON lowk TEMPERATURE, - 
T 

.__ 

J 
3 
L 

BACKGROUND 
NEUTRAL GAS 
PRESSURE, Pt 

Pa (TORR) 

~ I X ~ O ' ~  (8. 3x1V5) 
3.7 (2.8) 

W u 
z W 

m Y 

E 

NUMBER OF ANODE RINGS, N 
Figure 35. - Mean i o n  residence t ime as funct ion of number of anode 

r ings fo r  both modes o f  operation in he l i um gas. Maximum 
magnetic field strength, B,,,, 2.4 teslas. 

pressure mode, T~ is essentially independent of N within the estimated e r ro r  for N 
of 12, 6, and 3.  The e r ro r  bars have been suppressed for the N = 1 data because of 
the small scale and the crowding of points but are the same as for the other low- 
pressure-mode points. The scatter of the N = 1 points is apparently due to the pro- 
nounced difference in the discharge as reflected in the discharge current (figs. 32 
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and 33), depending on which location is occupied by an anode. The energy loss times 
appropriate for Lawson parameter calculation a re  generally much shorter than T~ in 
this helium discharge since charge-exchange collisions are more probable than ion loss. 

It w a s  pointed out previously that the current-voltage curves for the bumpy-torus 
plasma could be separated into three distinct regimes: the high-pressure-mode regime 
and high- and low-anode-voltage regimes of the low-pressure mode. Each of these 
three regimes has a characteristic slope of the constant-pressure current-voltage 
curves, defined by a power-law index p, 

Lp - (7) 

It w a s  of interest to determine whether the character of the current-voltage curves 
changed as the number of anode rings w a s  varied. Current-voltage curves were taken 
in deuterium and helium gas at eight pressures and for symmetrical arrangements of 
12, 6, 3, and 1 anode rings. The slopes of the current-voltage curves were determined 
in the three regimes of operation, The only significant difference occurred for 12 
anode rings. The high-pressure mode has a steeper slope for N = 12. Also the high- 
anode-voltage regime of the low-pressure mode is proportional to Va for N = 12 but 
is independent of Va for fewer anode rings. This difference probably represents fun- 
damentally different physical processes governing the radial transport when all 12 
anode rings a re  present, relative to that occurring in the sectors with llmissing'l anode 
rings. 

DISCUSSION AND CONCLUSIONS 

A hot-ion, steady-state plasma has been generated in the bumpy-torus supercon- 
ducting magnet facility by applying positive potentials as high a s  50 kilovolts to the mid- 
plane electrode rings. 

The magnet facility has met and exceeded i ts  design magnetic field strength and has 
proved capable of more than 3 months of experimental running without breakdown. 
use of superconducting magnets has made possible steady-state operation of the dis- 
charge, as well  as unusually good visual and experimental access to the plasma for 
diagnostic measurements. Steady-state operation has allowed u s  to wait out the initial 
outgassing and impurity influx caused by turn-on of the plasma and subsequent plasma- 
wal l  interactions. The operating conditions of this plasma a re  much more free of im- 
purities than the initial turn-on phase. 

The ion kinetic temperatures observed, from 160 to 1785 electron volts in deuterium 

The 

The modified Penning discharge w a s  successfully applied to heat a toroidal plasma. 
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and 650 to 3300 electron volts in helium, are comparable to those observed in the simple 
magnetic mir ror  discharge under similar operating conditions. The plasma in the 
bumpy torus proved to be capable of operating over a very wide range of conditions, 
amounting to an order to magnitude or more for each of the independent parameters 
listed in table I. The absolute values of the axial number density in helium were ob- 
tained by a spectroscopic procedure described in reference 32. 

geometry, it w a s  clear that the electrical circuit to  the power supply could be completed 
by ions lost through the mir ror  throats to the grounded walls of the vacuum tank. In the 
bumpy-torus plasma, the anode rings collect electrons from the plasma, but the exact 
pathways and mechanisms by which ions are lost to the grounded coils and/or tank walls 
a r e  not yet known. 

The ion heating mechanism in the bumpy-torus plasma appears to be very similar 
if not identical to that previously observed in the modified Penning discharge in an axi- 
symmetric magnetic mir ror  configuration (refs. 13 to 16). In both deuterium and helium 
plasmas, two distinct rotating spokes of ions and electrons as well  as ion kinetic tem- 
peratures to several kilovolts were observed; and the ion energy distribution functions 
were Maxwellian for most operating conditions in both gases. 
plasma, the ion energy distribution functions were very non-Maxwellian at low magnetic 
field strengths and became progressively more Maxwellian as the magnetic field strength 
increased. 

At least two independent lines of evidence suggest that the radial transport of ions 
and electrons is virtually independent of magnetic field strength but depends on the back- 
ground neutral gas density in an approximately linear manner. This observation is con- 
sistent with early investigations of the Penning discharge, in which it w a s  observed that 
the anode current w a s  proportional to the gas pressure (other parameters being held 
fixed), making it of interest as a vacuum gage. The independence of anode current and 
magnetic field strength tends to rule out either Bohm or classical diffusion as the con- 
trolling radial transport mechanism. 

These modes of operation do not appear to be significantly affected by the type of gas  
used; and the mode transitions do not appear to be influenced by charge-exchange pro- 
cesses, metastable ion formation, or processes depending on whether the gas  is mona- 
tomic or diatomic. The parameters that characterize the modes of operation a r e  elec- 
tron temperature and background neutral gas pressure. Lower electron temperatures 
characterize the high-pressure mode, higher electron temperatures characterize the 
low-pressure mode, and the high-pressure mode of operation is not observed below a 
certain threshold of pressure. The two modes of operation are further characterized by 
distinctly different radial number density profiles. The low-pressure mode exhibits a 

When the modified Penning discharge w a s  operated in the simple magnetic mir ror  

In the bumpy-torus 

The NASA Lewis bumpy-torus plasma operates in a high- and a low-pressure mode. 

46 

I I. 



relatively flat radial density profile, and the high-pressure mode has a distribution 
peaked on the plasma axis. 

in table IV. These features are characteristic of both deuterium and helium gas and 
held true with minor variations for  magnetic field strengths from 0.5 to  3.0 teslas. 

Ten characteristic features of both modes of discharge operation are summarized 

TABLE IV. - CHARACTERISTIC FEATURES O F  THE TWO 

MODES O F  DISCHARGE OPERATION 

High-pressure mode 

High electron number density on axis 
Density profiles peaked on axis 
Ionization through volume 
8 5 Te 5 35  eV 
Much visible light 
Spokes obscure 
High-radiof r equency noise back- 

E, = 0 inside; E, - r in sheath 

I 

ground 

Minimum pressur e threshold 
5 - V: O for N = 12 

Low-pressure mode 

Low density on axis 
Density profiles flat or hollow 
[onization in sheath 
35 5 Te 5 200 eV 
Plasma relatively dim 
Spokes well defined 
Low -r adiofrequency noise backgr ounc 

E, - r across diameter 
Mode exists at all pressures 
lp - vZ- O, va for N = 12 

The first eight characteristics suggest that the high-pressure mode is diffusion domi- 
nated and that ionization occurs throughout the volume by cooler electrons which are 
driven toward the plasma periphery by a radial density gradient. 
teristics of the low-pressure mode are consistent with mobility -dominated radial trans- 
port. In this mode the electron energies must be near the maximum of the ionization rate 
coefficient in order to sustain the discharge, and the plasma interior is kept supplied by 
processes in the sheath. 
they a r e  driven by electric fields that exist throughout the plasma volume and hence 
cause virtually the entire plasma to participate in the spoke dynamics. In the high- 
pressure mode, the spokes are less  prominent and their associated electrostatic po- 
tential fluctuations must compete with the background noise from the bulk of the plasma. 

The ninth and tenth characteristics in table lV a r e  anomalous in that they cannot 
readily be understood in association with, or  as consequences of, the other eight char- 
acteristics listed. It is not at all clear, for example, why a threshold in background 
neutral gas pressure should exist in the high-pressure mode. Nor is it clear why vari- 
ation in background neutral gas pressure will cause a mode transition, especially since 
the mean free path for neutral gas molecules is much greater than the plasma dimen- 
sions. 

The first eight charac- 

The spokes are prominent in the low-pressure mode because 

Similarly, it is not obvious why the current-voltage curves should have different 
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slopes in the two modes, which implies that fundamentally different physical processes 
are responsible for radial transport in the two modes. 

The reduction of the number of anode rings used to generate the plasma seems to 
have a beneficial effect on the plasma number density and average ion residence time. 
Further investigation is required to optimize the alinement of the anode rings and the 
number of anode rings that maximize the plasma density and containment time for vari- 
ous operating conditions. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 31, 1975, 
506-25. 
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APPENDIX - SYMBOLS 

B 

Bmax 
E 

e 

N 

ne 

ne 

neO 

Pt 

Ra 

RC 

RP 

A 

A 

r 

Te 

Ti 
t 

'a 

vP 
V 

wP 

magnetic field strength, T 

maximum magnetic field strength, T 

electric field, V/m 

radial electric field, V/m 

electronic charge, C 

apparent optical c ross  section for j -k transition 

apparent optical c ross  section for 1 -m transition 

intensity of spectral  line due to j - k transition 

intensity of spectral line due to 1 -m transition 

anode current flowing to plasma, A 

minor azimuthal mode number 

number of anode rings 

electron number density 

relative electron number density 

arbitrary normalizing constant 

neutral gas number density 

background neutral gas pressure in vacuum tank, Pa (torr)  

effective anode resistance, 52 

equivalent cathode resistance, 52 

plasma resistance, 52 

radius, m 

electron temperature, eV 

ion kinetic temperature, eV 

time, sec  

anode voltage, V 

plasma volume, m 

electron velocity, m/sec 

measured input power to plasma, W 

3 
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calculated input power to plasma, W 

maximum apparent cross  section for j -k transition 

electron-neutral ionization rate  coefficient 

net charge residence time 

charge - exchange time 

electron ionization time (defined by eq. (6)) 

wPO 

‘jk 

(m)ne 

r C  

‘ex 

‘i 
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